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Crystal structures of fac-tricarbonylchlorido(6,6 0 0 0 -dihydroxy-2,2 0 0 0 -bipyridine)rhenium(I) tetrahydrofuran monosolvate and fac-bromidotricarbonyl-(6,6 O (IIÁTHF) , are reported. In both complexes, the metal ion is coordinated by three carbonyl ligands, a halide ligand, and a 6,6 0 -dihydroxy-2,2 0 -bipyridine ligand in a distorted octahedral geometry. Both complexes co-crystallize with a non-coordinating tetrahydrofuran (THF) solvent molecule and exhibit intermolecular but not intramolecular hydrogen bonding. In both crystal structures, chains of complexes are formed due to intermolecular hydrogen bonding between a hydroxy group from the 6,6
0 -dihydroxy-2,2 0 -bipyridine ligand and the halide ligand from a neighboring complex. The THF molecule is hydrogen bonded to the remaining hydroxy group.
Chemical context
The fac-[Re(-diimine)(CO) 3 X] n+ and fac-[Mn(-diimine)-(CO) 3 X] n+ (X = halide, n = 0 or X = neutral ligand, n = 1) family of complexes are of interest as selective catalysts for the reduction of CO 2 to CO (Bourrez et al., 2011; Hawecker et al., 1986; Smieja et al., 2013; Sampson et al., 2014; Machan et al., 2014; Smieja & Kubiak, 2010) . Utilizing substituted -diimine ligands in these complexes can optimize complexes sterically or electronically to catalyze the reduction of CO 2 to CO (Smieja & Kubiak, 2010; Sampson et al., 2014) or facilitate formation of supramolecular assemblies that promote electrocatalytic reduction of CO 2 (Machan et al., 2014) . The addition of weak Brønsted acids such as water or methanol is necessary for the catalytic turnover of Mn complexes (Smieja et al., 2013) and significantly increases the catalytic rate of Re complexes (Smieja et al., 2012) . Introducing intramolecular phenolic groups positioned near the metal atom has been shown to greatly increase the rate at which an iron tetraphenylporphyrin complex catalyzes the reduction of CO 2 to CO (Costentin et al., 2012) . Recently, the complexes fac-[Re(4,4 0 -dihydroxy-2,2 0 -bipyridine)(CO) 3 Cl] and fac-[Re(6,6 0 -dihydroxy-2,2 0 -bipyridine)(CO) 3 Cl] have been synthesized in order to study the effect of proton-responsive ligands in these catalysts and, for the latter complex, the effect of pendant acids positioned near the metal atom (Manbeck et al., 2015) . Unexpectedly, these complexes were found to exhibit reduc- ISSN 2056-9890 tive deprotonation of the hydroxy groups. While the crystal structure of fac-[Re(4,4 0 -dihydroxy-2,2 0 -bipyridine)(CO) 3 Cl] has been reported (Manbeck et al., 2015), fac-[Re(6,6 0 -dihydroxy-2,2 0 -bipyridine)(CO) 3 Cl] has not been characterized crystallographically. In this paper we report the synthesis and structural characterization of fac- [Re(6, 6 0 -dihydroxy-2,2 0 -bipyridine)(CO) 3 Cl] as well as the synthesis and structural characterization of the related and previously unknown complex, fac- [Mn(6, 6 0 -dihydroxy-2,2 0 -bipyridine)(CO) 3 Br]. Both complexes co-crystallize with a tetrahydrofuran (THF) solvent molecule.
Structural commentary
Figs. 1 and 2 show ellipsoid plots of fac- [Re(6, 6 0 -dihydroxy-2,2 0 -bipyridine)(CO) (Manbeck et al., 2015) , [Re(4,4 0 -dihydroxy-2,2 0 -bipyridine)-(CO) 3 Cl]ÁDMSO (IV) (Manbeck et al., 2015) and [Mn(bipyridine)(CO) 3 I] (V) (Stor et al., 1995) . Many coordination modes are possible for the 2-hydroxypyridine ligand (Parsons & Winpenny, 1997) , but the crystal structures confirm bidentate -diimine coordination in both complexes. Bond lengths between the metal and bipyridyl nitrogen atoms are slightly longer in I [2.198 (2) positions on the -diimine ligand. The longer bond lengths in I and II may be attributed to increased steric encumbrance due to these substituents. In both I and II, the distances between the oxygen atoms of the hydroxy substituents and the carbon atoms of the carbonyl ligands cis to the -diimine ligands fall within the sum of the van der Waals radii for carbon and oxygen (Batsanov, 2001) . In I, the O(hydroxy)-C(carbonyl) distances are 2.800 (3) and 2.813 (4) Å and in II the O(hydroxy)-C(carbonyl) distances are 2.660 (2) and 2.615 (2) Å .
In I, the bipyridine rings present a bite angle of 74.09 (8) to Re, similar to that found in III [74.41 (9) ] and IV [74.9 (2) ]. The bipyridine-Mn bite angle in II, 78.35 (4) , is similar to that in V [79.0 (5) ]. The bipyridine ligands are not strictly planar. The dihedral angles between the pyridine rings are 11.68 (9) in I and 9. 49 (5) in II. Additionally, the bipyridine ligands are not oriented strictly perpendicularly to the coordination planes of the metal ions. The dihedral angles between the mean plane through the -diimine ligands and the CO equatorial -M-CO equatorial planes are 23.51 (7) and 18.93 (3) for the Re and Mn complexes, respectively. Neither IÁTHF nor IIÁTHF exhibit intramolecular hydrogen bonding.
Supramolecular features
Hydrogen bonds for both structures are listed in Tables 1 and  2 The molecular structure of IÁTHF, with 50% probability displacement ellipsoids for non-H atoms. The O-HÁ Á ÁO hydrogen bond is shown by a dashed line. For the THF molecule, only one disordered component is shown.
Figure 2
The molecular structure of IIÁTHF, with 50% probability displacement ellipsoids for non-H atoms. The O-HÁ Á ÁO hydrogen bond is shown by a dashed line.
group (O16-H16) and the chloride ligand from the neighboring complex. The other hydroxy group (O26-H26) is hydrogen-bonded to the O atom of the THF molecule. The nearest pyridine rings between neighboring complexes have centroid-centroid distances of 3.9448 (16) Å , longer than the maximum distance typically given for -interactions (Janiak, 2000) . In IIÁTHF, a chain of complexes is formed along the b axis through an O-HÁBr hydrogen bond involving the O10-H1group and the bromide ligand of the adjacent molecule, whereas the other hydroxy group (O20-H2) is hydrogen-bonded to O1S of the solvent THF molecule. Table 1 Hydrogen-bond geometry (Å , ) for IÁTHF.
0.87 (4) 1.84 (4) 2.704 (3) 173 (4) Symmetry code: (i) x À 1; y; z. Table 2 Hydrogen-bond geometry (Å , ) for IIÁTHF. (15) 176 (2) Symmetry code:
Figure 3 Crystal packing diagram of IÁTHF viewed along the b axis, showing hydrogen bonding (dashed lines) in the structure.
Figure 4
Crystal packing diagram of IIÁTHF viewed along the a axis, showing hydrogen bonding (dashed lines) in the structure. complexes from neighboring chains. The centroid-centroid distance between pairs of pyridine rings is 3.7019 (9) Å and the angle between the ring normal and the vector between the ring centroids is 9.3 , within the parameters typically given for such -interactions (Janiak, 2000) . Packing diagrams are shown in Figs. 3, 4 and 5.
Synthesis and crystallization
Methanol was degassed by sparging with N 2 . THF and diethyl ether were dried over molecular sieves and degassed using the freeze-pump-thaw method. MnBr(CO) 5 and ReCl(CO) 5 were purchased commercially and used as received. The ligand 6,6 0 -dihydroxy-2,2 0 -bipyridine was synthesized according to the synthetic procedure of Umemoto et al. (1998) .
IÁTHF: 6,6 0 -dihydroxy-2,2 0 -bipyridine (249 mg, 1.32 mmol) and ReCl(CO) 5 (477 mg, 1.32 mmol) were heated at 333 K in 50 mL methanol under nitrogen for five h. The flask was covered with aluminum foil to keep out light. The reaction was then allowed to cool to room temperature and the solvent was removed under vacuum to give a yellow precipitate. Slow cooling of a hot THF solution of the complex in a glove box under a nitrogen atmosphere gave yellow plate-shaped crystals suitable for single crystal X-ray diffraction. Due to limited solubility of the complex in THF, this method could not be used for a bulk recrystallization of the complex.
IIÁTHF:
6,6 0 -dihydroxy-2,2 0 -bipyridine (100 mg, 0.532 mmol) and MnBr(CO) 5 (146 mg, 0.532 mmol) were heated at 333 K in 24 mL methanol under nitrogen for five h. The flask was covered with aluminum foil to keep out light. The reaction was then allowed to cool to room temperature and the solvent was removed under vacuum to give an orange precipitate. The complex was recrystallized in bulk by layering pentane on a THF solution of the complex in a glove box under a nitrogen atmosphere at room temperature, giving the pure product in near quantitative yield. Slow diffusion of diethyl ether into a THF solution of the complex in a glove box under a nitrogen atmosphere gave yellow rod-shaped crystals suitable for single crystal X-ray diffraction.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 3 . For both complexes, the coordinates of H atoms forming hydrogen bonds (the hydroxy group hydrogens) were refined freely with U iso (H) = 1.5 U eq (O). Cbound H atoms were placed in calculated positions and refined with riding coordinates, with U iso (H) = 1.2 U eq (C). In IÁTHF, disorder occurs for one carbon and six hydrogens of the THF solvent with occupancies of 0.748 (11) and 0.252 (11). Rigid bond (DELU) and similar ADP (SIMU) restraints were used for atoms O1S, C1S, C2S, C3T, C3S and C4S. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 118.9 (3) C3T-C4S-H4SD 110.6 C22-C23-H23 120.5 C2S-C3S-C4S 104.5 (4) O16-C16-N1 115.2 (2) C2S-C3S-H3SA 110.9 O16-C16-C15 121.9 (2) C2S-C3S-H3SB 110.9 N1-C16-C15 122.9 (2) C4S-C3S-H3SA 110.9 C24-C25-C26 119.1 (2) C4S-C3S-H3SB 110.9 C24-C25-H25 120.4 H3SA-C3S-H3SB 108.9 C26-C25-H25 120.4 C2S-C3T-C4S 102.5 (9) O2-C2-Re1 177.8 (2) C2S-C3T-H3TA 111.3 N2-C22-C12 115.6 (2) C2S-C3T-H3TB 111.3 N2-C22-C23 122.5 (2) C4S-C3T-H3TA 111.3 C23-C22-C12 121.8 (2) C4S-C3T-H3TB 111.3 C12-C13-H13 120.4
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
−177.9 (3) C16-C15-C14-C13 −2.7 (4) N1-C12-C22-N2
1.6 (4) C25-C24-C23-C22 −1.7 (4) N1-C12-C22-C23 −173.7 (3) C22-N2-C26-O26 175.7 (2) N1-C12-C13-C14 2.1 (4) C22-N2-C26-C25 −3.9 (4) N1-C16-C15-C14
1.0 (4) C22-C12-C13-C14 −173.4 (3) O1S-C1S-C2S-C3S 27.5 (5) C13-C12-C22-N2 177.3 (3) O1S-C1S-C2S-C3T −11.9 (8) C13-C12-C22-C23 2.0 (4) 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. (7) 0.00341 (7) 0.00011 (7 
